Abstract: ATP-binding cassette (ABC) proteins form one of the largest known protein families and have been found in all known organisms. Most members of the human ABC protein family are membrane-spanning transporters that use energy derived from the hydrolysis of ATP to transport specific substrates across cell membranes. Mutations in certain human ABC transporters of the subfamilies A, B, C, and D have been shown to cause a wide variety of inherited diseases such as the lung condition cystic fibrosis, the nervous degenerative condition adrenoleukodystrophy (of Lorenzo's Oil fame), hereditary macular degeneration of the eye (Stargardt's disease), and inherited deficiency of circulating high-density lipoproteins (Tangier disease or familial hypoalphalipoproteinemia). Very recent studies showed that mutations in two members of the subfamily G of human ABC transporters (ABCG5 and ABCG8) cause a condition called sitosterolemia in which plant sterols accumulate in the body and may be responsible for influencing total body sterol homeostasis. In addition, other members of the subfamily G, namely ABCG1 and ABCG4, have also been shown to be involved in cellular lipid trafficking and are thought to play important roles during foam cell formation of human macrophages. By contrast, ABCG2 is a multidrug resistance transporter. In this review, we focus on the current knowledge and physiological background of the members of the subfamily G. We also present new insights on the evolutionary relationship of human and nonhuman ABCG proteins. 
Abstract: ATP-binding cassette (ABC) proteins form one of the largest known protein families and have been found in all known organisms. Most members of the human ABC protein family are membrane-spanning transporters that use energy derived from the hydrolysis of ATP to transport specific substrates across cell membranes. Mutations in certain human ABC transporters of the subfamilies A, B, C, and D have been shown to cause a wide variety of inherited diseases such as the lung condition cystic fibrosis, the nervous degenerative condition adrenoleukodystrophy (of Lorenzo's Oil fame), hereditary macular degeneration of the eye (Stargardt's disease), and inherited deficiency of circulating high-density lipoproteins (Tangier disease or familial hypoalphalipoproteinemia). Very recent studies showed that mutations in two members of the subfamily G of human ABC transporters (ABCG5 and ABCG8) cause a condition called sitosterolemia in which plant sterols accumulate in the body and may be responsible for influencing total body sterol homeostasis. In addition, other members of the subfamily G, namely ABCG1 and ABCG4, have also been shown to be involved in cellular lipid trafficking and are thought to play important roles during foam cell formation of human macrophages. By contrast, ABCG2 is a multidrug resistance transporter. In this review, we focus on the current knowledge and physiological background of the members of the subfamily G. We also present new insights on the evolutionary relationship of human and nonhuman ABCG proteins. TMDs are shown as dark gray rectangles, and ABC domains are shown as light gray rectangles with rounded corners. The basic system of active ABC transporters is a foursubunit system consisting of two TMDs and two ABC domains. Single ABC proteins that do not contain these four domains are formed by different proteins encoded either by the same gene or by different genes. It is noteworthy that some human ABC transporters in eukaryotes can contain additional insertions, for example, between the first ABC domain and the second TMD (e.g., ABCA1 or CFTR). Table 1 List of all human ABC proteins, their chromosomal location, domain architecture, and putative function [5, 6, 13, 15] . The 7 human subfamilies are termed ABCA (12 members), ABCB (11 members), ABCC (12 members, plus ABCC13 that lacks the ATP-binding cassette), ABCD (4 members), ABCE (1 member), ABCF (3 members), and ABCG (5 members) using the HUGO Gene Nomenclature for human and mouse ABC transporter genes [16] . Several other sequences exist in the genome with homology to ABC genes, many of which are thought to represent pseudogenes [5] .
ABBREVIATIONS USED IN THIS MANUSCRIPT
A complete description of all human ABC proteins goes beyond the scope of this article. The reader is referred to the excellent reviews provided by Dean et al. [5, 6] and the Web site on human ABC transporters [13] .
HUMAN ABCG (WHITE) SUBFAMILY
Compared to the members of the other human ABC transporter subfamilies, the members of the ABCG subfamily are unique in their domain architecture. All human ABCG proteins are composed of ABC-TMD-like half transporters, although full transporters have been described in other organisms such as S. cerevisiae and Arabidopsis thaliana [17] [18] [19] .
The human ABCG subfamily comprises five members (ABCG1, ABCG2, ABCG4, ABCG5, and ABCG8). A further mammalian ABCG protein, Abcg3, has as yet been found only in rodents and is closely related to the rodent Abcg2 protein and the human ABCG2 protein. Some have suggested that Abcg3 may also be contained within the human genome on chromosome 8p12 [20] , although no sequence information is available reporting an ABCG3 gene at this location.
Most of the human ABCG proteins seem to be involved in lipid and/or sterol metabolism. The ubiquitously expressed ABCG1 is thought to be involved in cellular cholesterol transport, and the closely related ABCG4 may have a similar function in the brain, where it is predominantly expressed. ABCG5 and ABCG8 are transporters of plant sterols in the intestine and liver. ABCG2 is a drug resistance gene. To illustrate the degree of homology among ABCG transporters (Table 2) , an alignment of all RefSeq protein sequences of human, mouse, and rat ABCG proteins is depicted in Fig. 2 .
Most of the human ABCG proteins show less than 30 % identity and less than 50 % homology ( Table 2) . Several amino acid residues in the ABCG proteins of H. sapiens, M. musculus, and Rattus norvegicus are highly conserved in all 14 known ABCG proteins of these organisms and are different from both the Walker A and B motifs and the signature motif (see amino acids marked with black boxes in Fig. 2 ). These include the NP(A/F)DF (asn-pro-ala/phe-asp-phe) motif located between the Walker B motif and the first TM. It is noteworthy that most of these residues are located within or near the ATP-binding cassettes with only a few located within the TMD. However, we know nothing of the role of these residues in respect to protein function or structure. Our group is currently performing detailed nal ABCG gene in which the ABC domain precedes the TMD arose from the fusion of independent regions encoding such domains. Based on new proteome data predicted from the genome sequence of Dictyostelium discoideum, Anjard as the homolog of the Drosophila white protein [22] [23] [24] . As an interesting historical point, the Drosophila white gene was the first locus mapped by Thomas Hunt Morgan, the founder of modern experimental genetics, in 1910 [25] . For this reason, the ABCG subfamily of the ABC protein family is sometimes called the white subfamily. However, Kuwana et al. described ATET, an ABC transporter expressed in the trachea of D. melanogaster, which shows higher similarity to ABCG1 than the Drosophila white protein [26] . Sequencing of the complete genome of D. melanogaster revealed evidence for at least two more ABCG-like proteins that show a higher degree of similarity to ABCG1 than the white protein. Chen et al. isolated the coding region of the human ABCG1 gene and reported evidence of alternative splicing in the coding region (exon 20) for the first time (Fig. 3A ) [22] .
An avenue we used to investigate the role of ABCG1 was to determine the structure of the ABCG1 gene and, in particular, to characterize the promoter, the region that regulates gene activity. In a first study, an ABCG1 transcript comprised of 15 exons was identified (transcript I in Fig. 3A ) and a promoter lacking a TATA box was characterized [27] . This promoter is GC-rich and contains silencing elements that can mediate transcriptional repression [6] . Two further studies uncovered an unusual degree of complexity of the human ABCG1 gene [28, 29] . We found that the ABCG1 gene contains five coding regions or exons that had not previously been described, and that it codes for a very large number of splice variants with putatively different amino acid sequences (transcripts I to V in Fig. 3A) . In addition, we found that these alternatively spliced ABCG1 transcripts have different core promoters [28] . A further alternatively spliced ABCG1 transcript with a core promoter different from the ones previously described was identified by Kennedy et al. (transcript VI in Fig. 3A ) [29] . Recent studies performed in our laboratory showed that only the wild-type transcript of the seven splice variants currently known is expressed at abundant levels in human monocyte-derived macrophages, suggesting that this is the most important transcript of the human ABCG1 gene (unpublished results). It is noteworthy that this transcript is nearly identical to the murine ABCG1 ortholog [28] and is very similar to the major transcript of the ABCG4 gene (transcript I in Fig. 3B ) [30] . At present, we are carrying out further studies to elucidate the details of the unusually high degree of complexity in the expression of the human ABCG1 gene, including the tissue-specific expression of the different ABCG1 splice variants.
The human ABCG1 gene has been mapped to chromosome 21q22.3 [22] [23] [24] , in which several diseases including affective disorders such as depression and autosomal recessive nonsyndromic deafness DFNB10 have been located [31] .
Several studies have focused on ABCG1 as a positional candidate of affective disorders. A first report on variations in the ABCG1 gene was provided by Chen et al. [22] , who identified a DNA polymorphism with 62 % heterozygosity due to variation of a poly(T) region in the 3′-untranslated region of the ABCG1 gene. Nakamura et al. described a G2457A polymorphism in the 3′-untranslated region of the human ABCG1 gene and found significant associations between this polymorphism and the poly(T) polymorphism first described by Chen et al. with mood and panic disorders in Japanese males, but not in Japanese females [32] . In a study performed by Rujescu et al., the distribution of the G2457A polymorphism in patients with affective disorders, suicide attempters with various psychiatric diag- Fig. 3 Genomic structure of the human ABCG1 and ABCG4 genes. The human ABCG1 gene (A) is comprised of 23 exons on chromosome 21q23.3 and spans about 97 kb. The wild-type mRNA is comprised of exons 5, 7, and 11-23. In human macrophages, several alternatively spliced transcripts (I to VI) have been identified [27] [28] [29] . Interestingly, these transcripts all have different core promoters that, in addition, also differ from the core promoter of the wild-type transcript. All known splice variants of the ABCG1 gene are expressed less abundantly than the wild-type transcript. The human ABCG4 gene (B) consists of 14 exons, ten of which (exons 2-7 and 10-13) are identical in size to the corresponding exons of the ABCG1 gene (exons 5, 7, 11, 16, and 19-22) . Two other exons have a similar size (exons 8 and 9 of the ABCG4 gene and exons 17 and 18 of the ABCG1 gene, respectively). Exons 1 and 14 of the ABCG4 gene and exons 5 and 23 of the ABCG1, respectively, contain the 5′-and 3′-untranslated regions, which are the major part of the mRNAs that are different in both genes. Similar or identical exons of both genes are aligned. So far, five different alternatively spliced transcripts encoded by the human ABCG4 gene have been identified that are also expressed at lower levels compared to the wild-type transcript [94] . Expression of these transcripts seems to be tissue-specific: wild-type, brain; transcript I, lung; transcripts II to V, thymus. Despite the high degree of homology in the coding region of ABCG1 and ABCG4, no similarity between the thymus-specific transcripts of ABCG4 and the 5′-terminal exons of ABCG1 was found. Note that the size of introns is not scaled, whereas the size of exons is. Alternatively spliced mRNAs are shown below the genomic structure of each gene. Included exons are shown as black rectangles connected by black lines. Exons that only appear in alternatively splice transcripts are colored gray and shown in half-size or quarter-size of the exons forming the wild-type mRNAs. Relative positions of putative core promoters of wild-type and alternatively spliced transcripts are marked with gray arrows. noses, and healthy subjects was investigated [33] . Initially, a trend toward a modest association with affective disorders in males was found. A repeat study with independent patients and controls, however, found no association with affective disorders, either in the replication or in the combined group. Furthermore, there was no association with suicidal behavior. These findings do not support the hypothesis that ABCG1 is a susceptibility gene for affective disorders or suicidal behavior. In addition, a study performed by Johansson et al. revealed no association between the G2457A polymorphism and seasonal affective disorders in the Northern European population [34] .
Kirov et al. screened the human ABCG1 gene for polymorphisms and association with bipolar affective disorder 1 [35] . In this study, a total of 13 SNPs, a GCC repeat within exon 1 and two novel intronic variable number of tandem repeat polymorphisms were identified. Eight of the SNPs-the two variable number of tandem repeat polymorphisms, the GCC repeat, and two known microsatellite markers within the gene-were tested for association with bipolar affective disorder 1. No alleles or haplotypes were significantly preferentially transmitted from parents to affected offspring. However, the trend for preferential transmission of markers in the 3′-untranslated region was in the same direction as in the previous report of Nakamura et al. for association with mood and panic disorders and therefore warrant an attempt at replication. Marker-to-marker linkage disequilibrium showed that strong linkage disequilibrium was present over relatively short distances of up to 20 kb and was present for SNPs as well as for polymorphic repeats.
Besides affective disorders, the ABCG1 gene was also screened as a positional candidate of nonsyndromic deafness. Berry et al. refined the locus of autosomal recessive nonsyndromic deafness DFNB10 to an area of less than 1 Mb between markers 1016E7.CA60 and 1151C12.GT45 on human 21q22.3 [31] . Due to the fact that among five other genes (trefoil factor 1, 2, and 3, phosphodiesterase 9A, and NADH-ubiquinone oxidoreductase flavoprotein 3), the ABCG1 gene is localized in the redefined region, the authors determined the genomic structure of ABCG1 in order to facilitate mutation analysis. All six genes in this region were screened and eliminated as candidates for DFNB10. Currently, therefore, there is no evidence that mutations or SNPs in the ABCG1 gene may affect any of the diseases described above.
Expression of the ABCG1 gene, as well as expression of many other ABC genes, was shown by us and others to be regulated during acetylated or oxidized LDL-mediated cholesterol loading (foam cell formation) and HDL-mediated lipid release in human macrophages [36] [37] [38] using an expressionprofiling technique called differential display RT-PCR [39] [40] [41] . Recently, Venkateswaran et al. showed that ABCG1 mRNA levels in human macrophages are regulated by the LXR/RXR pathway [38] , which recently has been shown to play an important role in lipid metabolism [42] [43] [44] [45] [46] . These two nuclear receptors bind naturally occurring substrates such as 22R-hydoxycholesterol (LXR ligand) and 9 cisretinoic acid (RXR ligand). Binding of the ligands results in formation of an LXR/RXR heterodimer. The LXR/RXR dimer binds to specific regulator DNA sites, thus resulting in an induction of mRNA transcription. So far, LXR and RXR have been shown to be involved in the regulation of mRNA expression of the ABC transporters ABCA1 [45, 47] , ABCG1 [28, 29, 38] , ABCG4 [48] , ABCG5, and ABCG8 [48, 49] , and other proteins involved in lipid metabolism such as apoE [50, 51] , CETP [52] , CYP7A1 [53, 54] , SREBP-1c [55] , lipoprotein lipase [56] , fatty acid synthase [57] , and PLTP [58] .
In vitro, foam cell formation of human monocyte-derived macrophages using acetylated or oxidized LDL results in an increase in the expression of ABCG1 [36] [37] [38] , as well as several other ABC proteins such as ABCA1 and ABCG4 [48, 59] . Peter A. Edwards' group showed that this increase in the expression of ABCG1 is mediated via oxysterols, known ligands of LXR. Therefore, it was not entirely surprising when expression of ABCG1 was found to be upregulated in macrophages isolated from individuals with Tangier disease, which is characterized by the accumulation of cholesterol within macrophages, even without loading of these cells with cholesterol [37] .
In addition to these findings, we found that the expression of ABCG1 differed depending on the variant of apoE produced by the cells (unpublished results). The latter findings are of interest because (i) apoE is a major component of, for example, HDL, which is important for the reverse cholesterol transport [46] and (ii) von Eckardstein et al. showed that, like ABCA1, ABCG1 may be involved in the secretion of apoE [60] .
The current findings are clues that, like ABCA1, AGCG1 affects how the cell deals with cholesterol and lipids. Support for this conjecture is provided by the observation that the gene for ABCG1 is constitutively switched on during the differentiation of the monocyte into the macrophage [36, 37] . A first hint of the physiological role of ABCG1 was given in a study by Klucken et al. that showed that inhibition of ABCG1 may result in a decrease in the efflux cholesterol and PC [36] . Currently, the details of how ABCG1 may be involved in this process are not known, although it is of note that ABCG1 is concentrated mainly in the outer cell membrane and in membrane structures around the cell nucleus of macrophages [36, 37] . This is consistent with the hypothesis that ABCG1 may be directly involved in cholesterol and PC efflux. However, in fibroblasts-the principal cells of connective tissue-by contrast, ABCG1 seemed to be diffusely scattered throughout the cell, although these cells are also able to promote HDL-mediated efflux of cholesterol and PC [37] .
In the section that follows, we will describe further findings consistent with the hypothesis that ABCG1 is involved in cellular lipid trafficking. In atherosclerotic arteries, ABCG1 is highly expressed in foamy macrophages and in bundles of nerves coursing in the outermost layer of the artery, the adventitia [37] . ZNF202, located within a susceptibility locus for hypoalphalipoproteinemia (i.e., low HDL plasma levels) on chromosome 11q23 is a transcriptional repressor of various genes involved in lipid metabolism [61] . Porsch-Özcürümez et al. showed that the full-length ZNF202m1 isoform binds to GnT repeats within the promoters of ABCA1 and ABCG1 [62] . ZNF202m1 expression in HepG2 cells dose-dependently repressed the promoter activities of ABCA1 and ABCG1. Argmann et al. showed that TGFβ1 enhances cholesterol efflux and upregulates expression of ABCA1 and ABCG1, which suggests an anti-atherogenic role for this cytokine [63] . Conditional disruption of the PPARγ gene in mice results in lowered expression of ABCA1, ABCG1, and apoE in macrophages and reduced efflux of cholesterol from these cells [64] .
Owing to the high degree of homology between ABCG1 and ABCG4, and because these proteins are both regulated by cholesterol and implicated in cholesterol transport, Annilo et al. suggested that they may form a heterodimer and function coordinately [65] . However, in human monocyte-derived macrophages, expression of most ABCG proteins except ABCG2 is much lower than that of ABCG1 (unpublished results). It is therefore unlikely, at least in macrophages, that ABCG1 forms heterodimers with ABCG4, ABCG5, or ABCG8. Owing to these findings and to the different roles of ABCG2 and ABCG1, we suggest that ABCG1 may act as a homodimeric transporter, although at present there is no direct evidence to support this hypothesis.
At the time of writing, the function of ABCG1 is unknown, and no inherited disease caused by mutations in the ABCG1 gene has been identified. Nevertheless, it seems reasonable to suggest that ABCG1 is somehow involved in cellular lipid trafficking. This hypothesis is supported by recent findings of Bryan Brewer's group at the National Institutes of Health in Bethesda. This group showed that in transgenic mice, overexpression of ABCG1 results in a significant reduction of HDL cholesterol in the plasma, while overexpression of ABCA1 results in an increase of plasma levels of HDL cholesterol [66] [67] [68] . This may suggest that ABCG1 plays a greater role in lipid uptake than in lipid efflux, although this is not the only possible explanation.
ABCG2/Abcg2-a multidrug resistance transporter
Allikmets et al. characterized an ABC transporter gene, which they designated ABCP (synonyms: BCRP or MRX), which is highly expressed in the placenta [69] . The ABCP gene produces two transcripts that differ at the 5′-end, but encode the same protein consisting of 655 amino acids that is now designated ABCG2 by the HUGO Gene Nomenclature Committee [16] .
The ABCG2 gene was mapped to human chromosome 4q22 between markers D4S2462 and D4S1557, and the mouse Abcg2 gene was mapped to chromosome 6, 28 to 29 cM from the centromer S. LORKOWSKI AND P. CULLEN [69] . Bailey-Dell et al. found that the ABCG2 gene contains 16 exons spanning more than 66 kb and is abundantly expressed in placenta, as well as in liver, intestine, and stem cells. Sequence analysis revealed that the promoter region has a CCAAT box but no TATA box, a potential CpG island, and putative binding sites for SP1, AP1, and AP2 [70] . The promoter does not have a serum response element, suggesting that ABCG2 is not a lipid transporter [5] . Further studies regarding this point showed that expression of ABCG2 is not upregulated during foam cell formation in human monocyte-derived macrophages or by treatment of macrophages with LXR/RXR agonists [48] .
Doyle et al. found that ABCG2 is overexpressed in the multidrug-resistant human breast cancer cells of the subline MCF-7/AdrVp relative to parental MCF-7 cells [71] . MCF-7/AdrVp cells display an ATP-dependent reduction in the intracellular accumulation of anthracycline anticancer drugs in the absence of overexpression of known multidrug resistance transporters such as P-glycoprotein (MIM 171050). In addition, ABCG2 is overexpressed in human colon carcinoma cells selected for mitoxantrone resistance [22] . When overexpressed in cell lines, ABCG2 has the ability to confer high levels of resistance to mitoxantrone, anthracyclines, doxorubicin, daunorubicin, bisantrene, and the camptothecins topotecan and SN-38, reduces daunorubicin accumulation and retention, and causes an ATP-dependent enhancement of the efflux of rhodamine-123. Thus, ABCG2 is a xenobiotic transporter of the drugs mentioned above and appears to play a major role in the multidrug resistance phenotype of a specific form of human breast cancer [72, 73] . Because overexpression of ABCG2 in Sf9 insect cells revealed a high-capacity, vanadate-sensitive ATPase activity that was stimulated by compounds known to be transported by this protein, Ozvegy and colleagues concluded that ABCG2 probably functions as a homodimer in these expression systems because it is unlikely that putative transport partners in the Sf9 insect cells would be overexpressed at sufficiently high levels [74] .
Two types of phenotypes were observed in Abcg2-overexpressing fibroblasts derived from mice lacking the multidrug transporters Abcb1, Abcb4, and Abcc1 and selected to identify new cell lines resistant to topotecan, mitoxantrone, or doxorubicin. Of these fibroblasts, the doxorubicin-selected lines had much higher relative resistance to doxorubicin, etoposide, and bisantrene than did the lines selected with mitoxantrone or topotecan [75] . In addition to these findings, Robey et al. reported that some cells overexpressing ABCG2 transport rhodamine-123, whereas others do not [76] . These two ABCG2-mediated phenotypes were explained by the identification of polymorphisms in the ABCG2 gene [77] . The ABCG2 wild-type protein has an arginine at position 482, which is associated with the inability to transport rhodamine-123, low resistance to anthracyclines, and high resistance to mitoxantrone and topotecan. The phenotype including rhodamine transport and doxorubicin resistance was associated with replacement of arginine at amino acid 482 in ABCG2 by glycine or threonine.
Several reports have suggested that ABCG2 is associated with drug resistance in acute myeloid leukemia (AML) [78, 79] . According to Abbott et al., it is unclear if the ABCG2 mRNA expression measured in the samples used in these two studies was physiologically significant or due to contamination by normal hematopoietic cells in low-expressing cases. Because ABCG2 expression is expressed in several types of normal hematopoietic cells, including erythroid progenitors, natural killer cells, and primitive stem cells [74, 80] , expression in AML blast samples might have been due to contamination by normal hematopoietic cells [81] . In contrast to the reports presented by Ross et al. and Sargent et al. [78, 79] , Abbott et al. found that high levels of ABCG2 mRNA expression in adult AML blast specimens are relatively uncommon and that ABCG2 expression may be limited to a small cell subpopulation in some cases [81] .
A complete understanding of the mechanism and biological function of ABCG2 will be important for understanding its normal physiology as well as for the development of novel chemotherapeutic treatment strategies. For this reason, inhibitors of the ABCG2 protein are of great interest as chemosensitizers for clinical drug resistance, for improving the pharmacokinetics of substrate chemotherapeutic drugs, and in functional assays of ABCG2 activity for tailoring chemotherapy (see, e.g., [83, 84] ).
The normal function of ABCG2 is not known. ABCG2 may serve a protective function by preventing toxins from entering cells as well as potentially playing a role in regulating stem cell differen-tiation [73, 82] through export of an endogenous metabolite capable of inducing such differentiation. However, the ABCG2 protein is present in the plasma membrane of cultured cells [85, 86] , and the murine Abcg2 protein routes to the apical membrane in polarized cells [87] . Expression of the ABCG2 mRNA is not limited to the tissues mentioned above, but is also present in venous and capillary endothelial cells of almost all tissues. ABCG2 protein has been found in the apical membranes of placental syncytiotrophoblasts, hepatocytes, the epithelial lining of the small intestine and colon, and the ducts and lobules of the mammary gland [88] . Based on the localization of ABCG2, it has been suggested that this protein may have a defensive function, for example, by limiting the uptake of amphipathic drugs from the gut and preventing entry of such drugs into the fetus [14] . Investigations of an Abcg2(-/-) mouse currently underway in Alfred H. Schinkel's group in Amsterdam may help to clarify these issues [14] .
ABCG3/Abcg3-a regulator of ABCG protein activity?
Computer searches in databases of ESTs led to the identification of several mouse and rat sequences that had high homology to mouse and rat Abcg2 mRNAs, but that appeared to encode another gene [20] . Mickley et al. used the EST sequences to clone the entire coding region of this unknown gene. The sequence revealed a single open reading frame encoding a protein of 650 amino acids, designated Abcg3. Analysis of the genomic structure revealed that the Abcg3 gene has 16 exons, including one 5′-noncoding exon. Abcg3 is most closely related to Abcg2 with 55 % overall amino acid identity and 72 % overall similarity.
The Abcg3 gene is localized to a single region on mouse chromosome 5, band E3-4, 59 cM from the centromere. Mickley et al. reported that a murine BAC clone containing Abcg3 gave a single signal on human chromosome 8p12. However, experiments and database searches have failed to reveal a human Abcg3-related gene ( [20] and personal unpublished results) so that the human genome has no Abcg3 ortholog, although other rodents appear to have orthologous proteins [20] .
The highest levels of expression for mouse Abcg2 were found in the kidney, lung, and small intestine [20] . For mouse Abcg3, the highest levels of expression were found in thymus and spleen. Except for the relatively higher levels of expression in the small intestine for both Abcg2 and Abcg3, there was no concordance in expression patterns.
Interestingly, the Abcg3 protein contains several unusual residues in the Walker A and signature motifs (see Fig. 2 ) [20] . The Walker A consensus is GAGKST (gly-ala-gly-lys-ser-thr), and the Abcg3 sequence is DGSRSL (asp-gly-ser-arg-ser-lys). The signature consensus is LSGG (lys-ser-gly-gly), and the Abcg3 sequence in this region is RSKE (arg-ser-lys-glu). Many of these residues are highly conserved in all ABC genes, and mutations in these regions typically lead to non-functional proteins. For this reason, Mickley et al. suggested that Abcg3 may not be able to bind and/or hydrolyze ATP and speculated that Abcg3 may be an inhibitory subunit that can dimerize and inactivate other ABC half transporters [20] .
ABCG4/Abcg4-an ABC transporter involved in cellular lipid trafficking in the brain?
Analysis of sequence database showed that five members of the ABCG subfamily are present within the human genome, one of which is annotated as ABCG4 [5, 15] . The human ABCG4 mRNA has a length of about 3.5 kb, and the identified open reading frame encodes for a polypeptide of 646 amino acids in length [48] . Comparison of the predicted ABCG4 peptide sequence with the remaining known human ABCG half-size transporters revealed the highest degree of homology and identity to human ABCG1 (84 and 72 %, respectively), whereas amino acid identities with the other ABCG subfamily members were far lower (human ABCG2, 28 %; mouse Abcg3, 26 %; human ABCG5, 24 %; human ABCG8, 24 %). The strikingly high homology between ABCG4 and ABCG1 raises the possibility that both genes may have coevolved more recently than the other members of the ABCG subfamily. The close evolutionary relationship of ABCG1 and ABCG4 is confirmed by phylogenetic analyses [89, 90] that S. LORKOWSKI AND P. CULLEN demonstrate with high confidence a relatively recent duplication of the ABCG1 and ABCG4 genes and their close evolutionary relationship to the ATET gene in D. melanogaster [26] .
The human ABCG4 gene consists of at least 14 exons (Fig. 3B) and spans a region of 12.7 kb on the chromosomal region 11q23.3 between markers D11S939 and D11S924. This chromosomal region is of special interest, since it contains the locus for many other genes involved in cholesterol and lipid metabolism such as the repressor of ABCA1 and ABCG1 expression, ZNF202, already mentioned above [62, 90] . Several inherited diseases of lipoprotein metabolism, such as primary hypoalphalipoproteinemia (MIM 605201; [91] ) and lathosterolosis [92] , have been mapped to this region.
All exons of the ABCG4 gene are relatively small, ranging between 51 and 250 nucleotides, except for the last exon, which spans 1.8 kb. Most introns are shorter than 220 nucleotides; only four introns are larger than 1000 base pairs. Thus, the genomic size is the smallest of all reported human ABCG proteins (ABCG1, 96 or 40 kb; ABCG2, 66 kb; ABCG5 and ABCG8 together, 80 kb [48] ).
Comparison of intron and exon size of the ABCG1 and ABCG4 gene reveals no conservation of intron size, whereas the size of 10 out of 14 exons (exons 2-7 and 10-13 of the ABCG4 gene, respectively) is conserved. None of these exons is conserved between ABCG1 or ABCG4 and the other members of the ABCG subfamily [48] . As is the case with ABCG1, analysis of the genomic sequence upstream of the 5′-end of the transcript reveals no transcription initiation elements such as a TATA-box or enhancer elements within 300 bp upstream of the start of transcription [48] .
It is noteworthy that TMs 2 and 5 are identical in ABCG1 and ABCG4, whereas the other TMs harbor several amino acid exchanges [48] . TMs 2 and 5 are probably critical for the transporter's structure and function, whereas exchanges within the other TMs may affect substrate specificity. Compared to the ABCG1 protein sequence, amino acids are missing within the ABCG4 sequence at three positions (Fig. 2) . These positions are located within regions of lower homology and may indicate domains that are critical for the transporters' function. A high degree of sequence variability between the ABCG1 and ABCG4 protein sequence is observed at the amino terminus, the ABC, the first transmembrane-spanning helix, and TMs 5 and 6.
The mouse Abcg4 mRNA also encodes a protein consisting of 646 amino acids, including one ABC and six TMDs [93] . Fluorescent in situ hybridization with mouse and rat chromosomes has revealed that the Abcg4 gene is located on chromosomes 9A5.3 and 8q22 distal in mouse and rat, respectively. In these loci, conserved linkage homologies were hitherto identified with human chromosome 11q23, which involves the human ABCG4 gene.
The highest level of expression of ABCG4 mRNA was detected in the brain [90] and in neural but not in choroid retina [94] . An abundant ABCG4 transcript was apparent in all brain tissues, with the exception of the spinal cord. Oldfield et al. reported that the only other mouse tissue expressing Abcg4 at high levels was spleen, in contrast to the human data [94] . Yoshikawa et al. also found high transcript levels of mouse Abcg4 mRNA in the eye and in bone marrow [93] .
Using RT-PCR with gene-specific primers, Oldfield et al. identified four different ABCG4 splicing variants in thymus (transcripts II to V in Fig. 3B ) and a unique transcript in lung (transcript I in Fig. 3B ) [94] . All these splicing isoforms have protein-coding capability although they utilize three different putative ATG start codons, resulting in proteins that vary in their amino-terminal regions. Despite the high degree of homology in the coding region of ABCG1 and ABCG4, there is no similarity between the transcript variants of ABCG4 and the transcript variants of ABCG1 [28] .
Screening of ABCG transporters, which, like ABCG1 and ABCA1, are induced by the heterodimeric transcription factors LXR and RXR, revealed that the ABCG4 is the second most strongly inducible ABCG transporter upon treatment of human monocyte-derived macrophages with 9-cis retinoic acid (RXR agonist) and 22R-hydroxycholesterol (LXR agonist) [48] . The most strongly inducible member is ABCG1, whereas ABCG2 was the only noninducible ABCG protein. Removal of cholesterol from macrophages mediated by the synthetic cholesterol acceptor cyclodextrin decreased ABCG4 message levels in a similar fashion to the decrease in message levels of ABCG1 and ABCA1. This behavior is common to oxysterol-responsive genes.
The abundant expression of ABCG4 in the brain suggests a potential role for this gene in cholesterol/lipid transport in this tissue, but there is no direct evidence available at this time. However, scientists at Active Pass Pharmaceuticals (San Francisco, CA, USA) have discovered that transfection of cells with either ABCG4 or ABCB9, transporters that are enriched in the brain, increases extracellular levels of the β-amyloid peptide [95] . This phenomenon is due either to a change in the rate at which the β-amyloid peptide detaches from the cell membrane, or to changes in expression of the amyloid precursor protein. Although not fully validated as targets for Alzheimer's disease, ABCG4 and ABCB9 may be of use in indirect target validation [95] .
Although details of the physiology of ABCG4 are not known at the present time, we would not be surprised if ABCG4 turned out to have a physiological role similar to that of ABCG1, but that its action is limited to its major tissue of expression, the brain. This thesis is mainly based on two features: (i) the high similarity of ABCG4 and ABCG1 at the mRNA level, at the protein level, and at the level of genomic structure, suggesting that both genes evolved from a very recent gene duplication event in vertebrates, and (ii) the similar induction of expression of the ABCG1 and ABCG4 genes by LXR and RXR antagonists.
ABCG5/Abcg5 and ABCG8/Abcg8-(plant) sterol transporters
ABCG5 (synonyms: sterolin 1 or white 3) and ABCG8 (synonyms: sterolin 1 or white 4) are both located on chromosome 2p21 between markers D2S177 and D2S119 and are tandemly arrayed in a head-to-head orientation separated by 374 bp. Both genes contain 13 exons and span about 28 kb [96] . The ABCG5 and ABCG8 genes encode deduced proteins of 651 and 673 amino acids, respectively, that share 29 % amino acid sequence identity and 50 % amino acid sequence similarity. Both proteins are expressed at a high level in the liver and at lower levels in the small intestine and colon [96] [97] [98] [99] [100] .
Mutations in the ABCG5 and ABCG8 genes can cause a condition termed sitosterolemia [96] [97] [98] [99] 101] . Sitosterolemia is a rare autosomal recessive disorder characterized by intestinal accumulation of all sterols, including cholesterol and plant and shellfish sterols, and impaired ability to excrete sterols into the bile. In a healthy individual, 50 to 60 % of the dietary cholesterol is absorbed and retained, whereas less than 5% of the noncholesterol sterols are retained. In sitosterolemia, affected individuals absorb not only cholesterol but also all other sterols, including plant sterols, in particular sitosterol (24-ethyl cholesterol) , and shellfish sterols, from the intestine [102] [103] [104] [105] . Patients with sitosterolemia have high levels of plant sterols in the plasma and develop fatty nodules in the tendons and skin known as xanthomas, accelerated atherosclerosis, and premature coronary artery disease [103, 107] .
It is likely that ABCG5 and ABCG8 cooperate to limit intestinal absorption and to promote excretion of sterols into bile. This means that the ABCG5/ABCG8 heterodimer is an outward pump for plant sterols that in the intestine regulates the absorption and in the liver mediates the canalicular secretion of unwanted sterols. Therefore, mutated forms of these transporters predispose to sterol accumulation and atherosclerosis [96] .
A detailed characterization of the molecular defects in a very large multiethnic cohort of patients with sitosterolemia was presented by Lu et al. and is consistent with this hypothesis [108] . In this study, all affected individuals in 37 families carried a mutation in either ABCG5 or ABCG8 but not in both. There were no clear clinical features that differentiated individuals with mutations in ABCG5 from persons with mutations in ABCG8. Lu and colleagues therefore concluded that the two proteins either act as functional heterodimers or are tightly coupled along a regulatory pathway of dietary sterol absorption [106] . Thus, complete loss of activity of any of the two ABC half transporters causes a functional deficiency.
Repa et al. and others studied the control of expression of Abca1, Abcg5, and Abcg8 by the nuclear receptors Lxra and Lxrb [107] . In normal mouse sections, Repa et al. found that expression of Abcg5 and Abcg8 was localized to hepatocytes of the liver and showed a uniform distribution across the S. LORKOWSKI AND P. CULLEN hepatic lobule. In jejunal sections, expression of Abcg5 and Abcg8 was detected exclusively in enterocytes lining the villi. Expression of Abca1 was found predominantly in lamina propria and occasionally in enterocytes. In normal mice fed with cholesterol or Lxr agonists, hepatic and jejunal expression of Abcg5, Abcg8, and Abca1 was increased. Cholesterol feeding resulted in upregulation of Abcg5 and Abcg8 expression in Lxrb-deficient mice, but not in Lxra-deficient or Lxra/Lxrb-double knockout mice. Repa et al. concluded that Abca1, Abcg5, and Abcg8 are expressed in absorptive enterocytes and that all three ABC transporters have a role in regulating cholesterol flux in the intestine.
Owing to the fact that nearly all Asian sitosterolemia patients have mutations in ABCG5, while most Caucasian sitosterolemia patients have mutations in ABCG8, it has been suggested that the two proteins may function independently. Although the ABCG5/ABCG8 heterodimer is thought to be the major transporter of sitosterol, it has also been proposed that the homodimers may transport some of the other sterols [6] . Graf et al. have shown that the ABCG5 and ABCG8 proteins undergo amino-linked glycosylation and that the mature glycosylated forms of ABCG5 and ABCG8 immunoprecipitated together, consistent with the hypothesis that ABCG5 and ABCG8 form a heterodimer [108] . Using immunoelectron microscopy, Graf et al. demonstrated that ABCG5 and ABCG8 are located on the plasma membrane of hepatocytes. In polarized WIF-B cells, ABCG5 localized to the apical (canalicular) membrane when coexpressed with ABCG8, but not when expressed alone. The formation of an ABCG5/ABCG8 heterodimer and its localization on the plasma membrane is consistent with the hypothesis that ABCG5 and ABCG8 act as a heterodimer to transport sterols across plasma membranes.
To test the hypothesis that ABCG5 and ACBG8 limit sterol absorption and promote biliary sterol excretion, Yu et al. generated transgenic mice overexpressing ABCG5 and ABCG8 [109] . In the transgenic mice, the expression pattern of the transgenes was similar to that of the endogenous genes. The results of Yu et al. clearly showed that increased expression of ABCG5 and ABCG8 selectively drives biliary neutral sterol secretion and reduces intestinal cholesterol absorption, leading to a selective increase in neutral sterol excretion and a compensatory increase in cholesterol synthesis.
Very recently, Helen H. Hobbs and her group disrupted Abcg5 and Abcg8 in mice [110] . Using this mouse model of sitosterolemia, these authors found that ABCG5 and ABCG8 are required for efficient secretion of cholesterol into bile and that disruption of these genes increases dramatically the responsiveness of plasma and hepatic cholesterol levels to changes in dietary cholesterol content.
HOMOLOGS OF HUMAN ABCG PROTEINS
Recognizing the close evolutionary relationship of ABCG1 and ABCG4, which is also confirmed by phylogenetic analyses, helped us to identify a mechanism of regulation of expression of ABCG4 (see above). Phylogenetic analyses not only indicated a relatively recent duplication of the ABCG1 and ABCG4 genes and their close evolutionary relationship to the Drosophila ATET gene, but also allowed to estimate the evolutionary relationship of all ABC proteins. Such phylogenetic analyses may also help us to identify regulatory mechanisms, motifs conserved throughout evolution, substrates, and binding partners.
At present, we are developing a rigorous procedure called RiPE (rigorous phylogeny environment) that automatically performs an evolutionary analysis of a protein subfamily [89] . We are using this procedure to calculate phylogenetic trees of the whole ABC protein family and of ABC protein subfamilies. These trees have better statistical support and include more ABC proteins than previously published trees (Spitzer et al., manuscript in preparation).
Using our RiPE procedure, we searched the proteomes of human (H. sapiens), mouse (Mus musculus), pufferfish (F. rubripes), fly (D. melanogaster), worm (C. elegans), mustard weed (A. thaliana), rice (Oryza sativa), yeast (S. cerevisiae), and a bacterium (Escherichia coli). We retrieved ABC proteins and calculated phylogenetic trees. In addition, we performed phylogenetic analyses using our RiPE procedure based on protein data included in the NCBI nonredundant peptide sequence database to calcu- Fig. 4 . This tree is the essence of the analyses mentioned above and is based on the alignment of homologous regions of ABCG proteins derived from the organisms listed above.
In the genomes of most of the organisms studied, there are more members of the ABCG subfamily than in the human genome (Table 3) . While the ABCG proteins of the vertebrates, the fly, and the worm are all half transporters with an ABC-TMD domain architecture, most of the ABCG proteins of S. cerevisiae and some ABCG proteins of A. thaliana and O. sativa are full transporters with an ABC-TMD-ABC-TMD domain arrangement.
The analysis of the phylogenetic trees suggests an early divergence of ABCG proteins. In the following, we will describe the clearly separated clusters in the detailed phylogenetic tree (not shown) that are the basis for the simplified tree in Fig. 4 Looking at the tree derived from the nonredundant database, which includes proteins from more organisms than the ones used for the tree described above (data not shown), we found that the clusters are mainly consistent with the clusters described here. Interestingly, the proteome data of the fungus E. cuniculi contains ABCG-structured half transporters clustering together with the full transporter proteins of yeast and plants (WHI cluster). Further analysis of these sequences may help us to determine how ABCG half and full transporters evolved.
Based on these clusters and on preliminary analyses not shown here, we suggest the simplified tree of ABCG proteins in Fig. 4 . We speculate that the clusters described above may form four clusters of a higher order. In the figure, these four clusters are stained from light to dark gray. This is clearly the case for the white and G1/G4 clusters, which form a distinct cluster denoted cluster I. A further distinct cluster is comprised of the G5/G8 cluster and is denoted cluster II. Cluster III may be formed by the two PDR clusters and by some of the ABCG half transporters found in E. cuniculi. Note that the statistical support for this association is weak in our current analysis. A fourth cluster, denoted cluster IV, may be formed by the WBC and G2/G3 clusters. However, this association is also weak in our current analysis. At this point, the reader should keep in mind that most of the protein sequences used for the analyses described above are predicted sequences often lacking experimental verification. Inclusion of proteome data from newly sequenced organisms may help to retrieve trees with better statistical support and higher resolution at the roots of the clusters, thus allowing more precise conclusions on how ABCG proteins evolved.
CONCLUDING REMARKS
It now seems likely that not only the ABCA1 gene, which was recently linked to the inherited lipid disorder known as Tangier disease, but also the other ABC transporter genes, in particular the members of the ABCG subfamily, are involved in cellular lipid uptake, lipid efflux, or lipid trafficking within the cell. Overall, however, very little is known on how the products of the ABCG gene family are regulated, or on how they function. Elucidation of these questions will require detailed studies of gene regulation, substrate specificity, and structural analysis. It will also be important to determine the binding partners of the half transporters. Defects in ABCG1 and ABCG4 may turn out to cause inherited diseases, as is the case for defects in many of the other 48 members of the human ABC transporter family. The putative role of the ABCG transporters in lipid transport may also indicate that these proteins play a role in the development of the atherosclerotic plaque and that ABCG1, ABCG4, ABCG5, and ABCG8 may be potential targets for anti-atherosclerotic therapies. Phylogenetic analysis to identify orthologous or paralogous * genes may provide clues to help in unraveling the phenotypes associated with mutations in these genes.
